PB1-F2 is a virulence factor of influenza A virus (IAV) whose functions remain misunderstood. The different roles of PB1-F2 may be linked to its structural polymorphism and to its propensity to assemble into oligomers and amyloid fibers in the vicinity of the membrane of IAV-infected cells. Here, we monitored the impact of PB1-F2 on the biochemical composition and protein structures of human epithelial pulmonary cells (A549) and monocytic cells (U937) upon IAV infection using synchrotron Fourier-transform infrared (FTIR) and deep UV (DUV) microscopies at the single-cell level. Cells were infected with a wildtype IAV and its PB1-F2 knock-out mutant for analyses at different times post-infection. IR spectra were recorded in each condition and processed to evaluate the change in the component band of the spectra corresponding to the amide I (secondary structure) and the CH stretching region (membrane). The IR spectra analysis revealed that expression of PB1-F2 in U937 cells, but not in A549 cells, results in the presence of a specific ␤-aggregate signature. Furthermore, the lipid membrane composition of U937 cells expressing PB1-F2 was also altered in a cell type-dependent manner. Using DUV microscopy and taking advantage of the high content of tryptophan residues in the sequence of PB1-F2 (5/90 aa), we showed that the increase of the autofluorescent signal recorded in monocytic cells could be correlated with the IR detection of ␤-aggregates. Altogether, our results constitute an important step forward in the understanding of the cell type-dependent function of PB1-F2.
IAVs are members of the Orthomyxoviridae family and their genome is constituted of eight segments of single-stranded negative-sense RNA (2) . The viral segment 2 encodes the polymerase subunit PB1 and two additional proteins, N40, a N-truncated version of PB1 devoid of transcriptase activity, and PB1-F2 from an alternative reading frame (3) . PB1-F2 is a small protein of 90 amino acids with a strong polymorphism in sequence and length depending on the viral strain. Although PB1-F2 is expressed in its full-length version in 96% of A/H5N1 avian strains (4) , less than 10% of A/H1N1 human viruses isolated since 1949 express a functional version of PB1-F2, i.e. of 79 amino acids or more (5, 6) . Full-length PB1-F2 was shown to contribute to the virulence of IAVs (7) , notably of highly virulent A/H5N1 (8) and of the Spanish flu virus of 1918 (9) . Fulllength PB1-F2 was also expressed by the pandemic viruses of 1957 and 1968 (6) . Nevertheless, the last 2009 pandemic A/H1N1 virus expressed only an 11-amino acid C-terminaltruncated protein as a result of the accumulation of premature stop codon (10) . Although PB1-F2 was shown to exacerbate the pathogenicity of IAVs in mouse models (11) (12) (13) (14) , PB1-F2 attenuates virulence in chicken (15) . Such observations are in accordance with the hypothesis that the loss of expression of PB1-F2 in mammals is beneficial for viral fitness, whereas in avian species, PB1-F2 is positively selected to contribute to an optimized spreading of the virus without increased virulence. The question of PB1-F2 function remains unsolved. PB1-F2 was first described as a proapoptotic protein targeting the mitochondria (16 -18) and inducing apoptosis by loss of the mitochondrial membrane potential (19) . Another proposed function of PB1-F2 is the modulation of innate immune response (20) . Several reports have shown that PB1-F2 enhances the inflammatory response in the lungs of IAV-infected mice notably by recruiting a massive number of leukocytes within the airways (14, 21) . PB1-F2 also facilitates secondary bacterial pneumonia in mammals (9, 22) . PB1-F2 was shown to exacerbate the production of interferon during A/WSN/1933 (H1N1) virus infection (23) .
PB1-F2 is disordered in aqueous solution (24) but can switch from a random state to a ␤-sheet secondary structure in a membrane-mimicking environment (25) . Moreover, PB1-F2 has a strong propensity to oligomerize. We previously showed by thioflavin staining that PB1-F2 formed amyloid fibers in vitro using recombinant protein and in IAV-infected cells (25) . PB1-F2 is present as unstructured monomers in the early stage of infection (23, 26, 27) , and rapidly forms soluble ␤-oligomers (28, 29) to finally accumulate as ␤-amyloid aggregates at a later stage of infection (25) . Interestingly, other reports referred to the propensity of PB1-F2 to oligomerize and to be implicated in the extracellular activation of the NLRP3 inflammasome pathway (30) , which is known to be triggered by protein amyloid aggregates (31) . However, the presence of amyloid fibers in different types of IAV target cells during infection remained to be validated by new techniques.
In the present study, we evidenced the presence of PB1-F2 ␤-aggregates in IAV-infected cells using synchrotron radiation. Fourier transform infrared (FTIR) microscopy is a non-invasive technique for monitoring biochemical changes in situ at the single cell level (32, 33) . IR microspectroscopy of cells in culture is a rapidly growing area of research allowing to spectrally distinguish cells in different physiological states, e.g. uninfected and infected (34, 35) . Here, FTIR microspectroscopy appeared as a valuable method to study the formation of PB1-F2 fibers and their impact on infected cells due to its ability to detect simultaneously a variety of changes in molecular structure and composition. Moreover, FTIR spectroscopy is a sensitive tool to study protein secondary structure and protein folding, unfolding, and misfolding (36, 37) . FTIR approaches were developed on amyloid fibril structure (38) revealing structural differences between native ␤-sheet proteins and amyloid fibrils (39) . FTIR microscopy coupled to a synchrotron source (sFTIR) allows achieving spatial resolution close to the diffraction limit. Thanks to the high signal to noise ratio and spatial resolution offered by synchrotron radiation FTIR, we optimized the signal detection of PB1-F2 fibers in infected cells without the necessity of immunostaining or purification procedures. Synchrotron deep ultraviolet (sDUV) fluorescence microscopy is a powerful tool for studying biological samples and allows localizing aromatic residues such as Trp without any external probe or staining at high spatial resolution (40 -42) . So, taking advantage of the high frequency of tryptophan (Trp) in PB1-F2, we used sDUV microscopy (below 350 nm (43)) to detect the presence of PB1-F2 aggregates.
In this paper, we used objective and unsupervised methods of multivariable statistics applied to sFTIR spectroscopy and sDUV microscopy at the single cell level to detect PB1-F2 ␤-aggregated structures in IAV-infected cells. Multivariate statistical analyses in the amide I region of the spectra (corresponding to protein secondary structures) showed a clear and specific IR signature for the ␤-aggregated structure in a cell-type and timedependent manner in IAV-infected monocytic cells. We confirmed using sDUV microscopy an increase of the autofluorescent signal in IAV-infected monocytic cells expressing PB1-F2. Moreover, we observed significant differences in the CH region of the spectra (corresponding to membrane) between infected cells expressing or not PB1-F2. Finally, the impact of PB1-F2 on membrane appeared to be cell type-dependent, because loss of membrane fluidity occurred in monocytic cells, whereas perturbation of the CH2/CH3 ratios was observed in epithelial cells.
Experimental Procedures
Cell Culture and Viral Infection-HeLa and 293T cells in Dulbecco's minimum essential medium (Lonza) and the human alveolar epithelial (A549) cells and the Madin-Darby canine kidney cells in Eagle's minimum essential medium (Lonza), supplemented with 10% fetal calf serum (Perbio), 2 mM L-glutamine, 100 IU/ml of penicillin, and 100 g/ml of streptomycin, were grown as monolayer. The human monocytic (U937) cells were maintained in RPMI 1640 medium (Lonza) supplemented with 10% fetal calf serum (Perbio), 2 mM L-glutamine, 100 IU/ml of penicillin, and 100 g/ml of streptomycin. All cultures were maintained in a 5% CO 2 incubator at 37°C. For infection assays, all cells were seeded on zinc-selenide (ZnSe) 4-mm diameter IR transparent windows or on 25-mm diameter suprasyl coverslips inserted into 6-well plates for synchrotron FTIR and DUV microscopy, respectively. Cells were allowed to attach overnight before infection. Cells were washed with fetal calf serum-free medium and incubated with virus at a multiplicity of infection of 5 for 1 h at 37°C. Following this, the infection mixture (fetal calf serum-free medium with excess virus) was replaced by new growth medium and the cells were maintained for 8 or 24 h in a 5% CO 2 incubator at 37°C. Then, ZnSe windows and suprasyl coverslips were collected and infected cells were fixed in 4% formalin for 30 min at room temperature. Cells were rinsed with PBS and once with pure water to eliminate the remaining salts before analysis. Finally, the samples were left to dry in a desiccator at room temperature prior to observation. Mock cells, or "intact cells" received the same treatment as infected cells with the exception of the addition of virus in the infection mixture.
Generation of Recombinant Knocked Out PB1-F2 Mutant Influenza Virus-Influenza A/WSN/1933 (H1N1) wild-type (WT) and the PB1-F2 knock-out (F2) viruses used in this study were produced using the 12-plasmid reverse genetic system as previously described (25) . Briefly, 293T cells were transfected with 12 plasmids following the FuGENE protocol (Roche): eight plasmids encoding the viral RNA segments of IAV and four encoding the three subunits of the viral polymerase and the nucleoprotein. The rescued WT and F2 viruses were amplified on Madin-Darby canine kidney cells and titrated by plaque assays. Generation of F2 virus was achieved using the QuikChange mutagenesis kit (Stratagene) at nucleotides coding for the initiation codons of PB1-F2 substituting ATG to ACG (resulting in silent mutations in the PB1 open reading frame). All introduced mutations were confirmed by sequencing.
Synchrotron FTIR Microspectroscopy-Synchrotron FTIR microscopy was performed at the SOLEIL synchrotron (Gifsur-Yvette, France) using the SMIS beamline (Synchrotron SOLEIL). All spectra were recorded in transmission mode on a Nicolet Continuum XL microscope (Thermo Scientific). The microscope comprises a motorized sample stage and a liquid nitrogen-cooled mercury cadmium telluride (MCT-A) detector (50 m element size). The microscope operates in confocal mode using a ϫ32 infinity corrected Schwarzschild objective (NA ϭ 0.65) and a matching ϫ32 condenser. All IR spectra were recorded using a dual mask aperture of 10 ϫ 10 m 2 . Individual spectra were saved in log (1/R) format at 4 cm Ϫ1 spectral resolution, with 128 co-added scans encompassing the mid-IR region from 4000 to 800 cm Ϫ1 . All IR spectra were preprocessed and submitted to multivariate data analysis (The Unscrambler, CAMO Process AS). Second derivatives of the spectral data were assessed (9-point Savitzky-Golay filter) to enhance the spectral resolution of the absorption bands. The second derivative IR spectra were unit vector normalized and analyzed by applying principal component analysis (PCA). The computation of principal components was based on the non-linear iterative projections by alternating least-squares (NIPALS) algorithm. Although the score plots allowed a comparison of IR spectra, the corresponding loading plots revealed the main characteristic absorption bands.
Synchrotron DUV Fluorescence Imaging-The full field synchrotron DUV imaging system is constructed around a Zeiss Axio Observer Z1 (Carl Zeiss) inverted microscope constructed with quartz-only optics. The white beam of DISCO beamline at Synchrotron SOLEIL (43) is monochromatized by an iHR320 (Jobin-Yvon Horiba) before coupling with the entrance of the modified Zeiss Axio Observer Z1, the monochromatic beam was settled at 280 nm to determine the level of tryptophan in cells. A sharp dichroic mirror transmitting only above 300 nm (Omega Optical) reflected the incident light before focalization onto the sample through a Zeiss Ultrafluor ϫ40 (N.A. 0.6, glycerine immersion) (40, 42) . Emission was recorded with a Pixis 1024-BUV (Princeton Instruments) camera after passing through a series of bandpass filters (Semrock). Fluorescence images where typically recorded in few seconds exposure. Power measured on the sample was close to W/cm 2 . The whole system is controlled via Manager (44).
Results
Background and Experimental Set-up-To determine whether the expression of PB1-F2 drives the formation of amyloid aggregated structures in different IAV susceptible cell types, we infected monocytic cells (U937) and lung epithelial cells (A549) and tried to reveal the presence of such structures using sFTIR and sDUV microspectroscopy ( Fig. 1 ). HeLa cells, which are infectable by IAV but do not allow efficient virus replication, were also integrated in the study (45) . Cells were infected with virus engineered by reverse genetic, influenza A/WSN/1933 (H1N1) WT, and its PB1-F2 knock-out (F2) counterpart, fixed at two times post-infection (8 and 24 h) and subjected to comparative analysis. For the relevance of the study, it was crucial to include a virus knocked-out for PB1-F2 expression to distinguish between the observations linked to the infectious context with those specific of PB1-F2 expression. In addition, we had previously confirmed that the deletion of PB1-F2 does not introduce any difference in the growth property of IAV (23) . The FTIR spectra of cells and protein have been extensively described in the literature and main spectral peak positions and their assignments are available ( Table 1 ). Because the aim of this study was to evidence the presence of PB1-F2 amyloid aggregates in infected cells, we paid special attention to the amide I region of the spectrum. FTIR is a classical method to study the folding/unfolding and aggregation of proteins in particular thanks to the amide I region (1715-1575 cm Ϫ1 ), which is very sensitive to the protein secondary structure (36, 46) . The study of this region of the IR spectrum allows discriminating between different types of ␤-sheet structure signatures (39) . Moreover, as PB1-F2 was shown to aggregate in the vicinity of membranes and to create pores, we evaluated the impact of PB1-F2 in different cell types by analyzing the region of the IR spectrum corresponding to the CH stretching region (2970 -2840 cm Ϫ1 ) (47) . To this end, FTIR raw spectra in the 4000 -800 cm Ϫ1 region were recorded in the cytoplasm of infected cells using the Nicolet Continuum XL microscope ( Fig. 1B , SMIS beamline). A sufficient number of single-cell spectra were recorded and compiled for each condition to statistically represent and compare the studied populations. The FTIR spectra presenting a large baseline deformation were excluded (Fig. 2, A  and B ). Second derivative spectra were calculated to enhance the resolution of the absorption bands and visualize the point of maxima for each band studied (Fig. 2C) . The amide I and CH stretching regions were independently studied to follow changes in the component bands corresponding to the secondary structure of protein and lipid components, respectively. Preprocessed data were then analyzed by PCA to study the unsupervised variation pattern in the data. PCA enable the decomposition of original data and can be used as a technique that reduces the number of parameters needed to represent the variance in the spectral dataset (48) . Thus, PCA can resolve a complete spectral dataset into a few key spectral components to identify and isolate important trends within the dataset. Results were represented as score plots that enable the data to be plotted in a form where each single-cell spectrum is represented as a single point in a relevant subspace (principal components (PC)). This representation permits to indicate easily which parameters (i.e. wavenumber values) were responsible for most of the variance in the data and to estimate sample heterogeneity. Then, a loading plot is used to express the correlation between variables (wavenumber values) and determine to what extent a variable is dominating or influencing the model of study (here IR signature of infected cells) and thus its contribution to each PC.
sFTIR Detection of PB1-F2 ␤-Aggregates in IAV-infected Cells-The objective of this study was to investigate whether sFTIR microspectroscopy could reveal the presence of ␤-aggre-gated structures in different types of infected cells and at different stages of the infectious cycle. As mentioned above, PCA was performed on the normalized second-derivative spectra of the amide I region to study secondary structures at a single-cell level. Fig. 3 displays the comparison between secondary structures content of mock-, WT-, and F2-infected U937 cells at 8 h post-infection. The score plot presented in Fig. 3A revealed three clusters partially independent using the first two components, PC1 and PC2, that represent 54 and 13% of the total variance, respectively. Following the PC2 axis, the cluster F2 and mock are totally overlapping in contrast to the plots of the WT cluster, which are mainly separated along the PC2 axis, although with a partial overlap. PC2 allows to differentiate between PB1-F2 expressing and non-expressing cells on a basis highlighted by the loading plot presented in Fig. 3B . The PC2 loading plot highlights the vibrational wavenumbers that are important in the separation observed along PC2 in the PC1 versus PC2 scores plot. The main variation in the positive direction of PC2 is due to variables at 1631, 1678, and 1693 cm Ϫ1 . The peak at 1693 cm Ϫ1 is indicative of the antiparallel ␤-sheet, and commonly observed in in vitro amyloid IR spectra (49) . However, associated with the second peak at 1631 cm Ϫ1 it is specifically ascribed to aggregated ␤-sheet structures, such as amyloid aggregates (Table 1 ) (50). The third peak at 1678 cm Ϫ1 could be assigned to ␤-turns (36, 46) . The main variation in the negative direction of PC2, associated to F2 and mock-infected cells spectra, is due to variables at 1660 and 1666 cm Ϫ1 related to loop/␣-helical structures (50) and internal random coiled segments (50, 51) (disordered structures), respectively. PCA of the spectra recorded at 24 h post-infection leads to the same observation: clear separation along the PC2 axis between PB1-F2 expressing and non-expressing U937 cells and a correlated loading plot showing in the positive direction of PC2 two major peaks at 1630 and 1693 cm Ϫ1 assigned to aggregated ␤-sheet structures (data not shown). Thus, the comparison of spectra corresponding to WT, F2, and mock-infected U937 cells enabled identification of an aggregated ␤-sheet structure spectral pattern associated to the WT-infected U937 cells spectra as early as 8 h post-infection.
We have previously shown that expression of PB1-F2 in the infectious context lead to the accumulation of ␤-sheet structures (soluble oligomers) in IAV-infected U937 cells at late stage infection (28) . IR spectra of WT-infected cells at 8 and 24 h post-infection and mock-infected cells were submitted to PCA analysis to check if we could observe an accumulation of ␤-aggregates in a time-dependent manner ( Fig. 4) . PCA was performed on second derivative spectra of mock-and WT-infected U937 cells at 8 and 24 h post-infection. The score plot presented in Fig. 3A revealed two independent clusters using the first and third component, PC1 and PC3 representing 55 and 11% of the total variance, respectively. The three clusters partially overlap but PC3 in the positive direction clearly differentiates WT-and mock-infected U937 cells. The loading plot presented in Fig. 4B indicates a pattern similar to that observed at 8 h post-infection ( Fig. 3B ), namely two peaks at 1693 and 1628 cm Ϫ1 that could be assigned to aggregated ␤-structures. This intense peak at 1628 cm Ϫ1 associated to a minor peak at 1693 cm Ϫ1 is indicative of a highly aggregated ␤-sheet with a Band position and assignment for the amide I and lipid region according to the literature minor peak at 1640 -1650 cm Ϫ1 indicative of some ␣-helical and/or random coil structure in the negative direction of PC3 corresponding to mock-infected U937 cells. The minor peak at 1678 cm Ϫ1 ascribed to ␤-turns was observed again in this analysis, but not the two other peaks previously observed at 1666 and 1660 cm Ϫ1 in the PCA of WT-F2-mock spectra at 8 h postinfection (Fig. 3B ). The comparison of raw spectra (Fig. 4C) highlights the progressive accumulation of ␤-aggregated structures by a distinct shift in the amide I region of the IR spectrum. More precisely, a clear shift was observed from 1640 to 1628 cm Ϫ1 , within parallel the appearance of a peak at 1693 cm Ϫ1 and the reduction of the peak around 1678 cm Ϫ1 . This shift was only partial at 8 h post-infection but was totally achieved at 24 h post-infection displaying the specific IR signature assigned to ␤-aggregated structures with two peaks at 1693 and 1628 cm Ϫ1 . Thus, thanks to sFTIR microspectroscopy, we have clearly confirmed the presence of ␤-aggregated structures in IAV-infected U937 cells expressing PB1-F2 in a time-dependent manner and the propensity of PB1-F2 ␤-sheet structures to accumulate over time.
In our previous work, we showed that monomeric PB1-F2 and soluble oligomers of PB1-F2 were detectable at various times post-infection in WT-infected A549 cells (23, 26, 28). However, ThS staining did not allow demonstrating that PB1-F2 forms amyloid fibers in these cells. To explore if FTIR microspectroscopy was suitable to detect the ␤-aggregated structure, U937, A549, and HeLa cells were infected with the IAV expressing or not PB1-F2 and submitted to the same treatment. The IR spectra recorded for infected A549 and HeLa cells at 8 and 24 h post-infection were submitted to analysis by PCA. The resulting score plot for infected A549 cells shows the samples plotted in a relevant subspace determined by PC1 and PC2 that represented 37 and 18% of the total variance, respectively (Fig. 5A) . In contrast to what we observed in infected U937, PCA failed to discriminate between WT and F2-infected A549 cells. However, PCA revealed a clear separation along the PC1 axis between mock-infected cells and IAV-infected cells. PC1 that was permitted to differentiate on a basis highlighted by the corresponding loading plot is presented in Fig. 5B . The main variation on the positive direction of PC1 is due to wavenumbers at 1653 and 1631 cm Ϫ1 assigned to ␣-helical structures and ␤-sheet structures, respectively. The side band at 1693 was not observed in IAV-infected A549 cells. The same loading plot pattern was observed at 8 and 24 h post-infection even if the intensity of the peak assigned to ␤-sheet structures increased compared with the peak ascribed to ␣-helical structures at 24 h post-infection suggesting an accumulation phenomenon. Together, these results collectively suggest that WT infection and PB1-F2 expression does not directly cause the formation of a detectable amount of ␤-aggregates structures in WT-infected A549 cells, confirming our previous results with classical methods. Moreover, the PCA of the IR spectra recorded in IAVinfected HeLa cells did not discriminate between IAV-infected and non-infected cells (data not shown). Thus, to summarize, spectral changes due to the expression of PB1-F2 in infected cells vary in extent and quality for the different cellular types, and the IR signature specifically corresponding to the ␤-aggregated feature could only be observed in U937 cells expressing PB1-F2. This observation is in accordance with our previous results and the cell type-dependent function of PB1-F2.
Quantification of Trp Autofluorescence in IAV-infected Cells Assessed with sDUV Microspectroscopy-We confirmed the presence of PB1-F2 ␤-aggregated structures in WT-infected U937 cells using FTIR microspectroscopy. Thus, taking advantage of the high content of Trp in PB1-F2 (5/90 amino acids), we explored the subcellular localization of PB1-F2 aggregates using the Trp autofluorescent signal. For this purpose, we benefited from the DISCO beamline devoted to synchrotron radiation UV fluorescent microscopy, which allow mapping many compounds without any external probe. The experiments were performed with a full field microscope using a 280-nm excitation and a DUV emission filter (300 -380 nm) to follow Trp fluorescence using sDUV microscopy. The fluorescent signal of Trp in infected cells was recorded, quantified, and normalized to the surface area to allow a comparison in the different conditions studied. To be statistically relevant, a minimum of 50 cells for each condition were individually observed. Fig. 6A presents an example of images obtained with A549 and U937 cells at 8 h post-infection by DUV microscopy and its counterpart in the bright field. No relevant difference of fluorescent signal was observed in A549 cells at 8 h post-infection. In contrast, the fluorescence intensity was consistently lower for F2and mock-infected cells than for WT-infected U937 cells. However, even if intense fluorescent spots were observed, the Trp autofluorescent signal was diffuse in the cytoplasm of the cells and therefore it was not possible to determine specifically the subcellular localization of PB1-F2 ␤-aggregated structures. Then, ImageJ software (52) was used to quantify the Trp fluorescent intensity of each single cell and calculate the mean of fluorescence normalized to the surface area of the cells, as different cell types were involved in the experiments. Finally, an analysis of variance test was performed to determine the statistical relevance of the data. The results presented in Fig. 6B confirmed a significant increase of fluorescent signal in WT-infected U937 cells compared with F2 and mock-infected cells (p Ͻ 0.001). A higher fluorescent signal was also recorded in monocytic cells expressing PB1-F2 at 24 h post-infection (data not shown). In contrast to U937 cells, no relevant difference of fluorescent signal was observed between WT-infected A549 cells compared with F2 and mock-infected cells at 8 and 24 h post-infection. Compared with infected U937 cells, which only exhibited a visible but weak IAV cytopathic effect, WT and F2-infected A549 cells showed a drastic cytopathic effect illustrated in Fig. 7 . At 24 h post-infection, the reduction of the surface of the IAV-infected epithelial cells introduced a bias in the quantification of the fluorescent signal and did not allow relevant comparisons. Finally, HeLa cells were used as negative cellular control because they only allowed an incomplete replication of the virus in tissue cell culture. No relevant difference of fluorescent signal and cytopathic effect was observed. Even if we cannot rule out that some aggregates could be formed in IAV-infected A549 or HeLa cells, PB1-F2 preferentially aggregates in U937 monocytic cells. Altogether, our DISCO results are in accordance with the cell-type and time-specific structural behavior of PB1-F2 during the viral cycle and allow to correlate FTIR and DUV microspectroscopy analysis.
FTIR Assessment of the Impact of PB1-F2 in IAV-infected Cells in the CH Region-Because we previously observed that PB1-F2 possesses a membrane tropism and the ability to permeabilize artificial membranes (25), we tested whether it was possible to detect a specific lipid IR signature ascribed to the 
. Synchrotron IR microspectroscopy comparison between the secondary structure contents of mock, WT-, and F2-infected U937 cells at 8 h post-infection within the amide I region.
A, score plot of PCA from the 1700 -1600 cm Ϫ1 band IR spectra. The explained variance for PC1 and PC2 is 54 and 13%, respectively. Marked data with the pink triangle correspond to U937 cells infected with WT virus, gray circle to cells infected with F2, and white square to mock-infected cells. B, loading plot linking the variable space and principal component subspace (PC2). PCA score plots show that the WT and F2-mock groups separate along PC2. Compared with mock and F2 groups, the WT group shows higher IR intensity at 1631-1693 cm Ϫ1 bands attributed to aggregated ␤-sheet structures and at the 1678 cm Ϫ1 band assigned to turns structures. PC, principal component. expected damages of PB1-F2 oligomerization in IAV-infected cells. Thus, we focused our attention on the fatty acid region in the spectral range from 2840 and 3000 cm Ϫ1 on characteristic vibrations corresponding to the C-H stretching region attributed to lipids. More precisely, this spectral range is attributed to C-H stretching vibrations, i.e. CH2 and CH3 acyl chain symmetric (s) and asymmetric (as) vibrations (51) ( Table 1) . As previously done within the amide I region, the specific spectral features that cause the distinction between the samples (single cell spectra) were assessed by PCA and presented in the score plots. IR spectra of U937 cells recorded at 8 and 24 h postinfection were submitted to PCA and plotted in a relevant subspace determined by principal component PC1 and PC2 in the resulting score plot (Fig. 8A ). IR spectra of WT, F2, and mockinfected U937 cells were separated in two clusters along PC1 with an explained variance of 33%. The three clusters are partially overlapping but PC1 in the negative direction clearly differentiates WT from F2-and mock-infected U937 cells. The corresponding loading plot is presented in Fig. 8B . High loading values at 2951, 2916, 2872, and 2846 cm Ϫ1 were positively correlated with F2 and mock clusters, whereas high loading values at 2964, 2931, 2874, and 2858 cm Ϫ1 were negatively correlated with WT cluster. The couples of peaks at 2964 -2951 and 2931-2916 cm Ϫ1 are assigned to asymmetric CH 3 and CH 2 acyl chain stretching, whereas the weaker peaks at 2874 -2872 cm Ϫ1 and the peaks at 2858 -2846 cm Ϫ1 correspond to symmetric CH 3 and CH 2 stretching, respectively. Examination of raw spectra (marked with an asterisk in Fig. 8A ) clearly showed a shift from 2956 to 2954 cm Ϫ1 (asCH3), 2922 to 2920 cm Ϫ1 (asCH2), 2874 to 2872 cm Ϫ1 (sCH3), and 2852 to 2850 cm Ϫ1 (sCH2) assigned to modification in the content of long chain-saturated (asymmetric) and unsaturated (symmetric) fatty acids, respectively. This shift was detectable on raw spectra (Fig. 8C ) thanks to the high brilliance of the synchrotron source. The shift of the 2874 cm Ϫ1 band was not evident in the raw spectra but appeared in the loading plot highlighting the potential of PCA to reveal hidden patterns in the data. Altogether, our FTIR microspectroscopy results showed distinct and reproducible changes in the CH stretching region attributed to change in the membrane composition and a perturbation of membrane fluidity, which could be correlated with the detection of ␤-aggregated structures in WT-infected U937 cells.
The impact of PB1-F2 expression on membrane compounds of A549-infected cells was assessed by analyzing the same lipid region of the spectra (Fig. 9 ). IR spectra of A549 cells recorded at 24 h post-infection were submitted to PCA and the resulting score plot showed the samples plotted in a relevant subspace determined by principal components PC1 and PC2 with an explained variance of 87 and 3%, respectively (Fig. 9A) . IR spectra of WT-, F2-, and mock-infected A549 cells were separated along PC1 in the negative direction. The corresponding loading plot (Fig. 9B) showed high loading values at 2958, 2924, 2873, and 2846 cm Ϫ1 attributed to sCH2/CH3 acyl chains stretching. In contrast to the analysis of IR spectra of infected U937 cells, no shift was observed with the raw spectra of infected A549 cells (Fig. 9C) . Interestingly, the band ascribed to stretching vibrations of CH3 acyl chains (sCH3, 2873 cm Ϫ1 and asCH3, 2958 cm Ϫ1 ) were more intense for WT than for mock-infected 
. Synchrotron IR microspectroscopy comparison between the secondary structure content of mock and WT-infected U937 cells at 8 and 24 h post-infection within the amide I region.
A, score plot of PCA from the 1700 -1600 cm Ϫ1 band IR spectra. The explained variance for PC1 and PC3 is 55 and 11%, respectively. Marked data with the white square corresponds to mock-infected cells and blue and red triangles correspond to cells infected with WT virus at 8 and 24 h post-infection, respectively. B, loading plot linking the variable space and principal component subspace (PC3). PCA score plots show that the WT and mock groups separate along PC3. Compared with the mock group, WT groups show higher IR intensity at 1628 -1693 cm Ϫ1 bands attributed to aggregated ␤-sheet structures. C, marked points second derivative spectra: mock-infected cells (black line) and WT-infected cells at 8 (blue line) and 24 h (red line) post-infection in the range 1700 -1600 cm Ϫ1 . A progressive shift from 1643 cm Ϫ1 (unordered ␤-sheet structure) to 1628 cm Ϫ1 was observed in a time-dependent manner for WT-infected cells 2nd derivative spectra compared with mock-infected cells. PC, principal component. A549 cells. Conversely, the bands assigned to stretching vibrations of CH2 acyl chains (sCH2, 2852 cm Ϫ1 and asCH2, 2924 cm Ϫ1 ) were more intense for mock compared with WT-infected A549 cells. This increase of the CH2/CH3 signal intensity ratio has been associated with perturbation of the membranes and correlated with apoptosis feature (53) . In our case, this FTIR signature could be assigned to the cytopathic effect generated by IAV infection in epithelial cells.
Thus, we showed that PB1-F2 expression differentially affects the membranes in U937 and A549 cells during the infectious cycle. If the effect of PB1-F2 on A549 membranes remains elusive, the loss of membrane fluidity of U937 cells expressing PB1-F2 seems to be clearly correlated with the presence of PB1-F2 ␤-aggregates.
Discussion
The present work elucidated the structural behavior of PB1-F2 at a single-cell scale in three different cell lines during the viral cycle. To achieve this, combined multimodal synchrotron FTIR and DUV microspectroscopies were used. To our knowledge, this is the first time that such an approach has been used to study the structural behavior of a viral protein in infected cells.
FIGURE 5. Synchrotron IR microspectroscopy comparison between secondary structure content of mock, WT, and F2-infected A549 cells at 24 h post-infection within the amide I region.
A, score plot of PCA from the 1720 -1580 cm Ϫ1 band IR spectra. The explained variance for PC1 and PC2 is 37 and 18%, respectively. Marked data with a red triangle correspond to A549 cells infected with WT virus, black circle to cells infected with PB1-F2 knocked out virus, and white square to mock-infected cells. B, loading plot linking the variable space and principal component subspace (PC1). PCA score plots show that the WT and F2 groups separate from the mock group along PC1. Compared with the mock group, WT and F2 groups show higher IR intensity at 1631 cm Ϫ1 bands attributed to ␤-sheet structures and at the 1653 cm Ϫ1 band assigned to ␣-helical structures. PC, principal component. FTIR microspectroscopy is a powerful analytical tool allowing the characterization of biochemical composition of cells and microorganisms. It also allows understanding the molecular basis of their adaptive responses when exposed to stress conditions such as viral infection (54) . The use of the bright synchrotron radiation source allows optimizing the signal and provides a very good signal-to-noise ratio and a high spatial resolution to monitor biochemical changes on small-sized biological objects like cells (32, 55) . For example, FTIR could rapidly and accurately differentiate between uninfected and virusinfected cells (34) . No labels, stains, or dyes are required for FTIR microspectroscopy and it is a non-destructive, sensitive and fast tool. We had previously observed the presence of ThSpositive aggregates in IAV-infected monocytic cells (25) . However, we failed to detect a specific ThS positive signal by fluorescent microscopy in WT-infected A549 cells although we proved that oligomerized forms of PB1-F2 were present in such cells using others methods (23, 28) . Indeed, ThS staining is subject to the nonspecific signal and does not allow distinguishing between the different oligomerized forms. Thus, a new method and tools were needed to evidence the presence of amyloid aggregates and their impact in different type of cells during the viral cycle. Two spectral regions were studied by FTIR microspectroscopy: the amide I and the CH stretching region.
The amide I band is highly sensitive to protein secondary structures and has been extensively used to measure protein folding, unfolding, and misfolding (36) , especially for proteins with a propensity to form ␤-sheet structures. Generally, ␤-sheet structures exhibit IR signatures at 1670 -1695 and 1630 -1640 cm Ϫ1 , ␣-helix at 1648 -1660 cm Ϫ1 , and unordered structures at 1640 -1657 cm Ϫ1 (Table 1) . Amyloid fibrils and aggregates present a specific signature ranging from 1615 to 1630 cm Ϫ1 that is clearly distinguishable from the IR signature assigned to native ␤-sheet proteins (39) . In WT-infected monocytic cells, an IR signature composed of peaks of high intensity at 1631, 1678, and 1693 cm Ϫ1 was observed as early as 8 h post-infection. Although the presence of a single peak at 1693 cm Ϫ1 is indicative of anti-parallel ␤-sheet, the association of this peak with a second peak at 1631 cm Ϫ1 is specifically assigned to aggregated ␤-sheet structures and amyloid fibers (50) . The same couple of peaks was found at 24 h post-infection with an increase of the signal suggesting an accumulation of the ␤-aggregated structures at a later stage of infection. The third peak at 1678 cm Ϫ1 , present at 8 and 24 h post-infection could be assigned to ␤-turns and is representative of a global switch from an unordered state to the acquisition of ordered structures. In contrast to monocytic cells, PCA of WT-infected A549 cells did not result in the same specific IR signature ascribed to ␤-aggregates but revealed two main peaks at 1653 and 1631 cm Ϫ1 . The peak at 1631 cm Ϫ1 could also be associated to the presence of amyloid structures. However, the absence of the second peak at 1693 cm Ϫ1 suggested that the ␤-structures detected were nonaggregated. The recorded signal could be associated to the soluble oligomers that we previously detected in IAV-infected cells (28) . The ratio between the peaks at 1653 cm Ϫ1 /1631 cm Ϫ1 decreases at 24 h post-infection arguing for a higher ␤-sheet and a lower ␣-helix content in the cells. Unfortunately the separation between WT and F2-infected A549 IR spectra was too weak to associate it unambiguously with the expression of PB1-F2. Indeed, the cytopathic effect induced by IAV in epithelial cells at a late stage of infection could participate to a global enrichment in the ␤-sheet content of the cells. In a previous study with bacteria, the authors suggested that in dead cells, an increase of the disordered secondary structures could be due to transitions between active (␣-helix) and inactive (␤-sheet) conformations of the proteins (55) . Given that we cannot demonstrate unambiguously that the variance associated to the peak at 1631 cm Ϫ1 is only associated to the expression of PB1-F2, we cannot speculate further on the origin of the differences in the spectra. Finally, we took advantage of the high content of Trp residues in the sequence of PB1-F2 to visualize directly by autofluorescence the presence of PB1-F2 aggregates in infected cells and to correlate the quantification of Trp autofluorescence with IR spectra analysis. Thus, we observed a significant increase of the Trp autofluorescence signal only in WT-U937infected cells. No significant variation of fluorescence was measured in IAV-infected A549 cells at the early stage of infection. We cannot rule out that PB1-F2 partially aggregates in A549 cells but the aggregates signal was too low to be detected at the given spatial resolution. A recent study describes a specific phenomenon of protein amyloids that develop an intrinsic fluorescence during the aggregation process (56) . This observation is in accordance with our results: PB1-F2 mainly aggregates in monocytic cells, displaying an increase of fluorescent signal in contrast with the epithelial cells fluorescent signal. Altogether, the results obtained by FTIR and DUV microspectroscopy analyses allowed us to confirm that PB1-F2 is expressed as a monomer at the earlier stage of infection and then oligomerizes to form a preferentially ␤-aggregated structure that accumulates at later a stage of the viral cycle in U937 cells, whereas PB1-F2 forms ␤-soluble oligomers in A549 cells but without the final aggregation step. PB1-F2 was previously shown to oligomerize and create pores in a membrane environment (25) . Thus, we focused our attention on the lipid region of the IR-spectra (CH stretching region) to evaluate the impact of PB1-F2 on cell membranes. Synchrotron FTIR microspectroscopy was also shown to be a valuable technique to study modification of the cellular structure (57, 58) . The region from 3,010 to 2,800 cm Ϫ1 is representative of fatty acids, mostly encountered in cell membranes. Striking differences in cell composition of IAV-infected cells expressing or not PB1-F2 were clearly observed in the CH2/ CH3 region but in two different manners: a significant shift of all the asymmetric/symmetric CH2 and CH3 bands for U937 cells, whereas an inversion of the maxima of the asymmetric/ symmetric CH2 and CH3 bands was observed for A549 cells. In U937 cells, the correlation loading plot revealed that wavenumbers 2931 and 2858 cm Ϫ1 were correlated with PB1-F2 expressing cells, whereas PB1-F2 non-expressing cells (F2 and Mock) were clearly correlated to wavenumbers 2916 and 2846 cm Ϫ1 . This could be attributed to a downshift of the symmetric CH2 stretching peak. This result demonstrates that the membrane of PB1-F2 expressing cells contained more "trans" unsaturated fatty acids than those of PB1-F2 non-expressing cells suggesting a loss of membrane fluidity (59) . It is worth noting that the FTIR signature of PB1-F2 expressing cells correspond to the signature assigned to dead bacteria as shown in a previous study investigating the effect of stress on bacteria and on their membrane fluidity (60) . Thus, changes in the CH-stretching region led to the assumption that the expression and aggregation of PB1-F2 may influence the membrane state-of-order via lipidprotein interactions, rendering the lipid biolayer more rigid and thus decreasing the membrane fluidity more generally. Amyloid aggregates are the hallmark of several human diseases and understanding the mechanisms of their cytotoxicity is fundamental. Numerous reports indicated that the proteins and peptides aggregating to form amyloids behave similarly as for their cytotoxic effects (61) . The cell susceptibility to face this phenomenon depends on their capacity to accumulate such cytotoxic oligomers and aggregates at their plasma membrane A, score plot of PCA from the 3100 -2800 cm Ϫ1 band IR spectra. The explained variance for PC1 and PC2 is 33 and 10%, respectively. Marked data with pink triangles correspond to U937 cells infected with WT virus, gray circle to cells infected with F2 virus, and white square to mock-infected cells. B, loading plot linking the variable space and principal component subspace (PC1). PCA score plots show that the WT and F2-mock groups separate along PC1. C, mean IR spectra of mock-infected cells (black line), WT (pink line), and F2-infected cells (gray line) at 8 h post-infection in the 2980 -2800 cm Ϫ1 range. A shift for the principal peaks corresponding to CH2-CH3 stretching (2954, 2920, and 2850 cm Ϫ1 ) associated to perturbation of membrane fluidity was observed for WT-infected cells spectra compared with mock and F2-infected cells. PC, principal component. resulting in membrane perturbation and cell damage leading to cell death. In the case of PB1-F2, the presence of lipid membrane influences the oligomerization and aggregation process of the protein and in return PB1-F2 ␤-aggregates modify the membrane structure and fluidity, which may lead to the permeability of the membrane as previously shown (25) . We recently proposed the molecular basis of those membrane/PB1-F2 interactions (62) . We showed that PB1-F2 amyloid oligomers are highly cytotoxic and result in membrane disruption and cell death in IAV-infected U937 cells. In contrast, the expression of PB1-F2 in A549 cells did not exacerbate cell death. Nevertheless, a high cytotoxic effect was observed when PB1-F2 amyloid oligomers or pre-fibrils were added to the culture medium. Amorphous structures of PB1-F2 showed no toxicity, confirming that the membrane-lytic activity of PB1-F2 is closely linked to the supramolecular organization of the protein. Thus, the observed shift in IAV-infected immune cells may be the result of cell response to aggregated PB1-F2. It would be worth deciphering such a mechanism to understand the link between PB1-F2 aggregation, membrane perturbation, and enhancement of pathogenicity. Recent work pointed out that the formation of amyloid oligomers and aggregates at the membrane vicinity leads to its structure/function impairment and triggers apoptosis (63) . Our results provide the first evidence that the structural behavior of PB1-F2 may be linked to the triggering of apoptosis in immune cells, and not in epithelial cells. Indeed, no shift was observed in PB1-F2 expressing epithelial cells but a specific inversion of the maxima of CH2 and CH3 symmetric/ asymmetric stretching peaks. This phenomenon remains poorly documented and difficult to interpret biologically. To summarize, our results show that the impact of PB1-F2 on the cell membrane and the resulting IR signatures of IAV-infected immune or epithelial cells are totally different.
In conclusion, the results obtained in this study are complementary to our previous works and the data provided by the bibliography. Since the first articles focusing on PB1-F2 function (19) , PB1-F2 was shown to induce apoptosis in a cell typespecific manner. Indeed monocytes are affected, whereas epithelial cell lines are spared. In contrast, exacerbation of IFN-␤ expression and the inflammatory response were observed in epithelial cells (23) . The different functions of PB1-F2 might be linked to its disordered protein feature, capable to switch from random to ␣-helical or ␤-sheet secondary structure, depending on the concentration and localization during infection in a particular cell type (25) . In a recent study (20) , the authors evidenced that PB1-F2 localizes to the mitochondrial inner membrane space of epithelial cells by interacting with Tom40 and that the PB1-F2 interacting form is a highly ordered oligomer, composed of more than three molecules. On the other hand, another recent study (30) demonstrated that the high molecular weight species of PB1-F2, which might correspond to PB1-F2 fibers and aggregates, activate the NLRP3 inflammasome and induce IL1-␤ secretion in macrophages. Moreover, the authors showed the rapid phagocytosis of PB1-F2 aggregates and their incorporation in the lysosomal pathway suggesting a release from dying infected cells that may lead to the recruitment of more inflammatory immune cells and thus constitute a feedforward inflammatory circuit. Thus, our data FIGURE 9. Synchrotron IR microspectroscopy comparison of mock, WT, and F2-infected A549 cells at 24 h post-infection within the CH region. A, score plot of PCA from the 3100 -2800 cm Ϫ1 band IR spectra. The explained variance for PC1 and PC2 is 87 and 3%, respectively. Marked data with a red triangle correspond to A549 cells infected with WT virus, black circles to cells infected with F2 virus, and white squares to mock-infected cells. B, loading plot linking the variable space and principal component subspace (PC1). PCA score plots show that the WT and F2-mock groups separate along PC1. C, mean IR spectra of mock-infected cells (black line) and WT-infected cells (red line) at 24 h post-infection in the 2980 -2840 cm Ϫ1 range. The bands assigned to CH3 symmetric/asymmetric (2958 and 2873 cm Ϫ1 , respectively) were more intense for WT-infected cells than for mock-infected cells. The contrary was observed for bands assigned to CH2 symmetric/asymmetric (2924 and 2852 cm Ϫ1 , respectively). PC, principal component.
provide new insight into the structural behavior of PB1-F2 and contribute to understand the role of PB1-F2 in IAV pathogenesis. Moreover, an increasing number of disordered proteins are described in a wide range of pathogens including viruses and our approach by FTIR microspectroscopy could serve as a new method to detect such aggregates as a marker of exacerbated pathogenicity.
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